In earlier work we established that phosphoinositide 4-kinase (PI 4-kinase) may associate with transmembrane 4 superfamily (TM4SF, tetraspanin) proteins, but critical specificity issues were not addressed. Here we demonstrate that at least five different TM4SF proteins (CD9, CD63, CD81, CD151 and A15\ TALLA1) can associate with a similar or identical 55 kDa type II PI 4-kinase. These associations were specific, since we found no evidence for other phosphoinositide kinases (e.g. phosphoinositide 3-kinase and phosphoinositide-4-phosphate 5-kinase) associating with TM4SF proteins, and many other TM4SF proteins (including CD82 and CD53) did not associate with PI 4-
INTRODUCTION
Mammalian transmembrane 4 superfamily (TM4SF) proteins (also known as tetraspans or tetraspanins) include at least 16 core members and a number of additional proteins with sequence similarities [1] [2] [3] . Nearly all mammalian cells contain large numbers of one or more TM4SF proteins. Several TM4SF proteins, including CD9, CD63, CD81, CD82 and CD151, may function in cell migration, proliferation and\or tumour cell metastasis [1, 2, 4] . Most TM4SF proteins can be found on the plasma membrane, and several are located in cell lamellipodia and filopodia, consistent with their role in cell motility [5, 6] . Many TM4SF proteins, including CD9, CD37, CD53, CD63, CD81, CD82 and CD151, are also found in various intracellular granules and vesicles [7] [8] [9] [10] [11] [12] . The CD63 protein, utilized as a marker for lysosomal-type vesicles, contains a ' Gly-Tyr ' lysosomal-targeting motif [13] not found in other TM4SF proteins.
TM4SF proteins may associate with several other transmembrane proteins, including CD19, CD21, integrins, proteoglycans and various members of the immunoglobulin superfamily [1, 2, 4, 14, 15] . TM4SF protein complexes also can include the transmembrane-signalling enzyme γ-glutamyl transpeptidase [16] , and the membrane enzyme phosphoinositide 4-kinase (PI 4-kinase). PI 4-kinase activity has been found in immunoprecipitates of CD63, CD81 and CD151 proteins [5, 17] . Through TM4SF proteins, PI 4-kinase can be recruited into complexes with integrins [18] , with the CD151 protein acting as a major link between PI 4-kinase and the α3β1 integrin [17] . We hypothesize that TM4SF protein-dependent recruitment of PI 4-kinase may result in the localized conversion of PtdIns into PtdIns4P. PtdIns4P would then be available for further conversion into PtdIns(3,4)P # [(by phosphoinositide 3-kinase (PI 3-kinase)] or PtdIns(4,5)P # [by phosphoinositide-4-phosphate 5-kinase (PI-4-P 5-kinase)]. These phosphoinositide products regulate many cellular processes, including growth, survival and vesicular trafficking [19] . At present, forms of PI 4-kinase called PI 4-Abbreviations used : PI 3-kinase, phosphoinositide 3-kinase ; PI 4-kinase, phosphoinositide 4-kinase ; PI-4-P 5-kinase, phosphoinositide-4-phosphate 5-kinase ; TM4SF, transmembrane 4 superfamily ; mAb, monoclonal antibody ; PKCµ, protein kinase Cµ. 1 Present address : Sugen, Inc., 230 East Grand Avenue, South San Francisco, CA 94080, U. S. A. 2 To whom correspondence should be addressed (e-mail martinIhemler!dfcl.harvard.edu).
kinase. CD63-PI 4-kinase complexes were almost entirely intracellular, and thus are distinct from other TM4SF-PI 4-kinase complexes (e.g. involving CD9), which are largely located in the plasma membrane. These results suggest that a specific subset of TM4SF proteins may recruit PI 4-kinase to specific membrane locations, and thereby influence phosphoinositide-dependent signalling.
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kinase α and PI 4-kinase β have been cloned and characterized [19] ; however, the PI 4-kinase responsible for the majority of PI 4-kinase activity in many cell types has not yet been cloned. This latter enzyme has been purified and defined as a 55 kDa type II PI 4-kinase that is stimulated by non-ionic detergent, and inhibited by adenosine [20] [21] [22] and monoclonal antibody (mAb) 4C5G [23] . Since TM4SF proteins have the potential to associate with each other and with many other proteins, a major concern has been that PI 4-kinase activity and other activities may be recruited non-specifically into TM4SF protein complexes. Here we show that TM4SF-PI 4-kinase complexes are highly specific. First, we determined that only a single type of PtdIns kinase appears to associate with TM4SF proteins under the conditions utilized. Secondly, we found that only a subset of TM4SF proteins can associate with this kinase. Thirdly, we observed that TM4SF-PI 4-kinase association can occur at distinct cellular locations. To evaluate a variety of different TM4SF proteins with distinct expression patterns, and to ascertain the generality of our results, we have used a range of carcinoma, fibrosarcoma, erythroleukaemic, T-and B-lymphoid, and other cell lines in these studies.
MATERIALS AND METHODS

Cell lines, antibodies and reagents
B-, T-and erythroleukaemic cell lines (OCI-Ly8, Molt-4 and K562-α2) were maintained in RPMI 1640 supplemented with 10 % fetal bovine serum and antibiotics. K562-α2 cells, transfected with human integrin α2, have been described elsewhere [24] . The epidermoid carcinoma line A431 and fibrosarcoma cell line HT1080 were grown in Dulbecco's modified Eagle's medium with 10 % fetal bovine serum and antibiotics. HT1080-CD9 cells [25] were established by transfecting HT1080 cells with full-length CD9 cDNA cloned into the pZeoSV expression vector (Invitrogen, San Diego, CA, U.S.A.).
Anti-TM4SF protein mAbs were as follows : anti-CD9, DU-ALL (Sigma) and C9-BB [25] ; anti-CD37, HD28 [7] ; anti-CD53, HD77 [26] ; anti-CD63, 6H1 [27] and NAG3 [28] ; anti-CD81, M38 [29] ; anti-CD82, M104 [29] ; anti-CD151, 5C11 [17] ; anti-NAG2, NAG2 [28] ; and anti-TALLA1\A15, B2D [30] . Other antibodies used were : anti-CD98, 8A6 ; anti-α2β1, A2-IIE10 [31] ; anti-integrin α4 subunit, B5G10 [32] ; anti-integrin β1 subunit, TS2\16 [33] ; anti-protein kinase Cµ (PKCµ) (Santa Cruz Biotechnology) ; anti-PtdIns 4-kinase, 4C5G (Upstate Biotechnology, Lake Placid, NY, U.S.A.) ; and negative control antibodies P3 [34] , J2A2 [35] and 187n1 [36] . An anti-PI 3-kinasespecific polyclonal antibody raised against a glutathione-Stransferase fusion protein containing the N-terminal SH2 domain of the rat p85 subunit of PI 3-kinase was kindly provided by Dr Tom Roberts (Dana-Farber Cancer Institute, Boston, MA, U.S.A.). Adenosine and wortmannin were purchased from Sigma.
Flow cytometry
Cells were incubated with negative control or specific mAb at 4 mC in the presence of NaN $ for 1 h, washed three times, and then incubated with a secondary FITC-conjugated goat antimouse immunoglobulin (Calbiochem). Stained cells were analysed using a EPICS XL flow cytometer (Coulter Co., Miami, FL, U.S.A.). Specific mean fluorescence intensity values were determined by subtracting fluorescence obtained using negative control antibodies.
Immunoprecipitation and Western blotting
Cell lines were lysed for 1 h at 4 mC in immunoprecipitation buffer (150 mM NaCl, 5 mM MgCl # , 25 mM Hepes, pH 7n5) supplemented with 1 % Brij 99 detergent (Acros, Pittsburgh, PA, U.S.A.), 10 mM Na % P $ O ( , 1 mM PMSF, 20 µg\ml aprotinin, 10 µg\ml leupeptin, 2 mM NaF and 100 µM Na $ VO % . Insoluble material was cleared by centrifugation at 16 000 g for 15 min, and the lysate was precleared with Protein A-Sepharose (Pharmacia Biotech) precoupled with 187n1 mAb for 1 h at 4 mC to eliminate non-specific binding material. For CD63 immunodepletion experiments, lysates were incubated four times for 1 h at 4 mC with anti-CD63 mAb, 6H1, covalently coupled to CNBr-activated Sepharose (Pharmacia Biotech) or with Sepharose alone (mock immunodepletion). After preclearance, lysates were incubated with specific mAbs coupled to 187n1-Protein A-Sepharose for 1 h at 4 mC. Immunoprecipitates were extensively washed (four times) in immunoprecipitation buffer supplemented with 1 % Brij 99. In the PKCµ immunoblotting experiment, immunoprecipitations were carried out using Protein G-Sepharose (Pharmacia Biotech). In some experiments, intact cells were treated with antibodies to cell-surface proteins in the presence of sodium azide at 4 mC to prevent internalization of antigens. Then excess antibodies were removed, cells were lysed, and immune complexes were captured by incubation with 187n1-Protein A-Sepharose, as described above.
For Western blotting, immune complexes were resolved by SDS\PAGE, electrophoretically transferred to a nitrocellulose membrane (Schleicher and Schuell, Keene, NH, U.S.A.) and membranes were blocked with PBS containing 0n05 % Tween 20 and 5 % dry milk. Membranes were probed with primary antibodies (either 1 : 500 of mouse anti-CD81, M38 ascites or 1 µg\ml rabbit anti-PKCµ), washed 4 times with PBS containing 0n05 % Tween 20, and incubated for 1 h with the appropriate secondary antibody [anti-mouse IgG (Fc specific)-peroxidase conjugate or anti-rabbit IgG-peroxidase conjugate (Sigma)]. β1 integrin immunoblotting was carried out as previously described [17] . After final washes, proteins were visualized using Renaissance Chemiluminescent Reagent (DuPont NEN, Boston, MA, U.S.A.).
Measurement of PtdIns-specific lipid kinase activity
Lipid kinase assays were carried out as previously described with a few modifications [17] . Immunoprecipitated complexes were washed an additional time with 10 mM Hepesj5 mM MgCl # , and kinase assays were carried out directly on Sepharose beads. To analyse PtdIns 4-kinase activity, reactions were carried out in 20 mM Hepes (pH 7n5) buffer containing 5 mM MgCl # , 20 µM ATP (Pharmacia Biotech), 0n3 % Triton X-100, 10-15 µCi of [γ-$#P]ATP (DuPont NEN) and 200 µg\ml sonicated -α-phosphatidylinositol (Avanti Polar Lipids, Inc., Alabaster, AL, U.S.A.) as a substrate. For some experiments, specific inhibitors of PI 4-kinase or PI 3-kinase were added to reactions. These included 5 µg of mAb 4C5G [37] , 200 µM adenosine, 50 nM wortmannin, 10 µM wortmannin or vehicle control. Reactions were carried out for 5-10 min at room temperature (while enzyme activity was still linear with time) and stopped with 2 M HCl prior to extracting lipids with chloroform\methanol (1 : 1, v\v). The organic layer was resolved by TLC using either a chloroformor propanol-based solvent system on potassium oxalate-treated silica gel 60 aluminum sheets (EM Science, Darmstadt, Germany). 
Measurement of other lipid kinase activities
Reactions were carried out as above, except that the 0n3 % Triton X-100 detergent was omitted (0n006 % Nonidet P40 used in place) and substrates differed. To measure PI 3-kinase activity exclusively, phosphatidylserine (40 %)\-α-phosphatidylinositol 4,5-diphosphate (60 %) (Sigma) was used as a substrate. To measure PI 4-P 5-kinase and PI 3-kinase activities at the same time, a combination of phosphatidylserine\-α-phosphatidylinositol\-α-phosphatidylinositol 4-monophosphate (Sigma)\ -α-phosphatidylinositol 4,5 diphosphate (2\1\1\1, by vol.) was utilized as a substrate. In these reactions, phosphatidylserine (Avanti Polar Lipids) was used as a carrier to distribute negative charges of the phosphates. Lipid products were resolved by TLC, as above, using a propanol-based solvent system. Standard PtdIns4P, PtdIns(4,5)P # and PtdIns(3,4,5)P $ reaction products were generated from an anti-PI 3-kinase immunoprecipitate using crude bovine brain phosphoinositides (Sigma) as a substrate.
Determination of PI 4-kinase subunit size
HT1080-CD9 cells were lysed with 1 % Brij 99, and the indicated TM4SF proteins were immunoprecipitated as described above. Immune complexes were solubilized in 62 mM Tris\HCl, 3 % SDS, 2 mM dithiothreitol, 10 % (v\v) glycerol, and run on a 10 % polyacrylamide gel at 4 mC. The gel was washed in 50 mM Tris\HCl (pH 7n2), 0n25 % Triton X-100, 2 mM dithiothreitol, and lanes were cut into 0n25 cm segments. Approximate molecular mass values were determined by comparison with standards run in a parallel lane. Segments were subsequently homogenized in 10 mM Hepes\5 mM MgCl # overnight at 4 mC, and lipid kinase activity was measured as described above.
RESULTS
Specificity of TM4SF protein-PtdIns kinase association
It was previously shown that the TM4SF proteins CD63, CD81 and CD151 form complexes with PI 4-kinase [5, 17 ]. Here we have tested whether other lipid kinases might associate with the TM4SF proteins. To assess PI 3-kinase and PI 4-P 5-kinase activities, reactions were carried out using either a combination of phosphoinositide substrates [PtdIns, PtdIns4P, PtdIns(4,5)P # ] or PtdIns(4,5)P # alone. For these experiments, 0n3 % Triton X-100 (which inhibits PI 3-kinase) was omitted. As shown in Figure  1 , we failed to detect any PI 3-kinase and PI 4-P 5-kinase activities in CD53, CD63, CD81 or CD82 immunoprecipitates from Molt-4 cells. In a positive control experiment, immunoprecipitated PI 3-kinase did yield the expected PtdIns4P, PtdIns(4,5)P # and PtdIns(3,4,5)P $ products. From additional cell lines, including A431 carcinoma cells, Jurkat T cells and RD rhabdomyosarcoma cells (results not shown), we again failed to detect PI 3-kinase or PI 4-P 5-kinase activities associated with any TM4SF protein examined (i.e. CD9, CD53, CD63, CD81 or CD82).
We next asked whether TM4SF proteins other than CD63, CD81 and CD151 could associate with PI 4-kinase. To address this issue, we immunoprecipitated multiple TM4SF proteins, and then carried out PI 4-kinase assays (with 0n3 % Triton X-100 included). PI 4-kinase activity (measured as $#P incorporation into PtdIns4P) was clearly present in CD9, CD63 and CD81 immunoprecipitates from CD9-transfected HT1080 cells. Neg-
Figure 1 Analysis of lipid kinase activities co-immunoprecipitating with TM4SF proteins from Molt-4 cells
Molt-4 cells were lysed with 1 % Brij 99 and immunoprecipitated with control Ig, or antibodies to TM4SF proteins (CD53, CD63, CD81, CD82), α4 integrin or PtdIns 3-kinase. Immunoprecipitates (I.P.) were assayed for lipid kinase activity using a pool of purified phospholipids, PI, PIP and PIP 2 (left panel) or purified PIP 2 alone (right panel) as substrates, as described in the Materials and methods section. Previously it was shown that comparatively large amounts of CD53, CD63, CD81, CD82 and α4 integrin complexes could be immunoprecipitated from Molt-4 cells [65] . Abbreviations used and in this and subsequent Figures : PI, phosphoinositide ; PIP, PtdIns4P ; PIP 2 , PtdIns(4,5)P 2 ; PIP 3 , PtdIns(3,4,5)P 3 .
Figure 2 Analysis of PtdIns-specific kinase activity associated with various TM4SF proteins
HT1080-CD9 fibrosarcoma cells were lysed with 1 % Brij 99 and immunoprecipitated with the indicated antibodies. Immunoprecipitates were assayed for lipid kinase activity in the presence of 0n3 % Triton X-100 using purified PI as a substrate.
ligible PI 4-kinase activity was detected in immunoprecipitates of the abundantly expressed control proteins, CD98 and integrin α2β1, and in control immunoglobulin immunoprecipitates ( Figure 2 ). Again we saw no evidence for the formation of PtdIns(4,5)P # and PtdIns(3,4,5)P $ products in any of the immunoprecipitates.
Quantification of TM4SF-associated PtdIns4P production allowed comparison of results for several different TM4SF proteins, as five different cell lines were used to obtain results for nine different TM4SF proteins (Table 1) . To facilitate comparisons among the different TM4SF proteins on different cell lines, each TM4SF-associated kinase activity is presented as the fold increase above the kinase activity non-specifically associated with the very abundant CD98 protein. As indicated, TM4SF proteins could be separated into roughly three groups. The CD63, CD9 and A15\TALLA1 proteins showed relatively high levels of associated PI 4-kinase activity ; CD151 and CD81 showed low to moderate levels of activity ; and NAG2\TM4SF7, CD37, CD82 and CD53 all showed minimal associated PI 4-kinase activity, with activity levels at or less than negative control levels ( Table 1) . CD63-associated PI 4-kinase activity was high, despite there being relatively low levels of CD63 on the surface of the cells analysed. Indeed, as discussed below (see Figure 7) , much of the CD63-associated PI 4-kinase activity is associated with intracellular CD63. Notably, CD81-and CD151-associated kinase levels were relatively low, considering the high levels of expression of these proteins on the cells analysed. The CD53 and CD82 TM4SF proteins were present at intermediate to high levels on the cells tested. However, NAG2 and CD37 were not highly expressed on the surface of the cells analysed (Table 1) , and this could at least partially explain the low associated kinase levels.
When the PI 4-kinase activity associated with the same TM4SF protein is compared in different cell types, major variations can occur. For example, a similar amount of CD81, as detected by immunoblotting, yielded approx. 40-fold more associated PI 4-kinase from HT1080 cells compared with OCI-Ly8 cells ( Figure  3 , compare first and last columns). Even when the levels of immunoprecipitated CD81 from OCI-Ly8 cells were much higher than levels from HT1080, there was still less associated PI 4-kinase activity (Figure 3 , middle columns).
TM4SF proteins associate with a type II PI 4-kinase of approx. 55 kDa
At least three different types of PI 4-kinase have been described [19, 38] . Here we have utilized various enzyme stimulators and inhibitors to characterize the PI 4-kinase associated with five different TM4SF proteins, analysed in three different cell lines. As indicated in Figure 4 , all five activities were stimulated by 0n3 % Triton X-100, and were strongly inhibited by the anti-PI 4-kinase mAb 4C5G or by 200 µM adenosine. Notably, these PI 4-kinase activities were not inhibited by low or high doses of wortmannin, and thus differ from the PI kinase α and PI kinase β forms of PI 4-kinase [19, 39] .
We were unable to reliably immunoprecipitate or immunoblot TM4SF-associated PI 4-kinase protein with either the 4C5G mAb or anti-PI kinase α polyclonal antisera described previously [5] . Thus to ascertain the size of the PI 4-kinase associating with TM4SF proteins, CD9 and CD63 immunoprecipitates were subjected to SDS\PAGE, and PI 4-kinase activities were then recovered from gel slices. As indicated in Figures 5(A) and 5(B), peak activities in both cases migrated in the 55-60 kDa size region. No kinase activity was recovered from a control immunoprecipitate ( Figure 5C ). Together, the results in Figures 4 and 5 indicate that diverse TM4SF proteins associate with a very similar, if not identical type II PI 4-kinase of approx. 55 kDa, that is distinct from PI 4-kinase α (100 and 230 kDa) and PI 4-kinase β (90 kDa) [19] .
Evaluation of TM4SF-PI 4-kinase complexes
The TM4SF protein CD63 is present in nearly all cells, often shows more associated PI 4-kinase activity than other TM4SF proteins (e.g. Table 1 ), and itself associates with other TM4SF proteins [11, 25] . Thus we considered that PI 4-kinase might primarily be associated with CD63, and through CD63 might be recruited indirectly into complexes with other TM4SF proteins. To address this issue, we carried out CD63 immunodepletion experiments, and then subsequently assessed PI 4-kinase association with CD9 in A431 cells ( Figure 6A ) and CD81 in HT1080 cells ( Figure 6B ). As indicated, immunodepletion of CD63 did not alter levels of CD9-and CD81-associated PI 4-kinase activity. Control experiments indicated that CD63-associated PI 4-kinase activity was almost completely removed upon CD63 immunodepletion, whereas the α2β1 integrin (VLA-2)
Figure 4 TM4SF proteins associate with a type II PI 4-kinase
The respective TM4SF proteins were immunoprecipitated from either A431 cells (CD9), HT1080-CD9 cells (CD63, CD81 and CD151) or Molt-4 cells (A15/TALLA1) and immunoprecipitates were assayed for lipid kinase activity under the indicated conditions. The data are presented as a percentage of the total activity in the presence of 0n3 % Triton X-100. In the presence of Triton X-100 (100 % activity), actual c.p.m. values corresponding to the [ 32 P]PtdIns spot are 2790 (CD9), 10 500 (CD63), 87 (CD81), 1060 (CD151) and 3020 (A15/TALLA1).
showed minimal associated activity, regardless of CD63 immunodepletion. From these results, carried out in two different cellular environments, we conclude that CD63-PI 4-kinase complexes are separate from CD9-PI 4-kinase or CD81-PI 4-kinase complexes.
CD63-PI 4-kinase complexes were not only separate within cell lysates, but also showed a distinct subcellular distribution. Immunoprecipitation of total cellular CD9 or CD63 from HT1080-CD9 cells yielded similar levels of associated PI 4-kinase activity ( Figure 7 , black bars), in agreement with results seen in Figure 2 . However, when only the cell-surface subsets of CD9 and CD63 were immunoprecipitated, major differences emerged ( Figure 7, grey bars) . Whereas the level of PI 4-kinase associated with cell-surface CD9 was very similar to the level associated with total CD9, there was minimal PI 4-kinase activity associated with cell-surface CD63 in two separate experiments. These results indicate that PI 4-kinase associates mostly with CD9 that is at the cell surface, whereas CD63-PI 4-kinase complexes are largely It was recently shown that PKCµ associates with a type II PI 4-kinase distinct from PI 4-kinase α or PI 4-kinase β [40] . To determine whether PKCµ is present in our TM4SF-PI 4-kinase complexes, we immunoprecipitated CD9 and CD63 from HT-1080-CD9 cells, and then looked for PKCµ by Western blotting. As indicated in Figure 8 , PKCµ was readily detected from the whole cell lysate, whereas no PKCµ was detected in CD9, CD63 or control immunoprecipitates derived from approx. 25-fold more cell equivalents than used in the first lane. Notably, CD9 and CD63 immunoprecipitations were carried out using conditions (1 % Brij 99 lysates), in which associations with β1 integrins (Figure 8 , bottom panel) and with PI 4-kinase (see Figures 2-7) are readily maintained.
The PtdIns4P lipid and PI 4-kinase enzyme activity may sometimes appear within detergent-insoluble lipid raft complexes [41, 42] . Thus we considered that TM4SF-PI 4-kinase complex formation could simply be a non-specific by-product of incomplete detergent solubilization. To address this issue, A431 cell lysate in 1 % Brij 99 detergent was fractionated using a standard sucrose gradient centrifugation protocol, designed to separate lipid rafts [41] . Immunoprecipitation analysis revealed that a fraction of CD63 and CD9 (10-30 %) was present at the 5\35 % sucrose interface, where lipid raft components are typically found. However, the majority of CD63-associated PI 4-kinase (91 %) was present in the dense sucrose gradient fractions, near the 35\45 % sucrose interface, whereas only 9 % was present in the light membrane fractions. Furthermore, in the dense fractions, the level of CD63-associated PI 4-kinase activity (174 000 c.p.m.) was approx. 35-fold greater than the level of PI 4-kinase associated with negative control proteins (CD71, α2 integrin) also present in the dense fractions. Thus TM4SF-PI 4-kinase complex formation occurs in detergent-soluble complexes, separate from lipid rafts. Transmembrane 4 superfamily protein-phosphoinositide 4-kinase complexes
DISCUSSION
TM4SF specificity
Previously we demonstrated that CD63, CD81 and CD151 associated with a 55 kDa type II PI 4-kinase [5, 17] . However, concerns about the specificity of this interaction arise from the ability of TM4SF proteins to form networks of associations with each other, integrins, transmembrane Ig superfamily proteins, proteoglycans and with various signalling enzymes (see the Introduction). Here we show that, despite the tendency of TM4SF proteins to have so many partners, interactions with PI 4-kinase are highly specific. It is now clear that at least five different TM4SF proteins (CD63, CD9, A15\TALLA1, CD81 and CD151) associate with apparently the same 55 kDa type II PI 4-kinase. Strongest activity was seen with the TM4SF proteins CD63, A15\TALLA1 and CD9, whereas weaker activity was seen with CD81 and CD151. Interestingly, those five TM4SF proteins fall into two distinct subgroups with respect to primary sequence similarities, as indicated by the dendrogram in Figure  9 . Other TM4SF proteins (including CD82 and CD53) failed to associate with PI 4-kinase. Importantly, these are part of a separate subgroup of TM4SF proteins ( Figure 9 ). The TM4SF proteins CD37 and NAG2 are also part of this subgroup, and indeed they also did not associate with PI 4-kinase. However, these latter results will need to be confirmed in cells showing higher CD37 and NAG2 expression levels.
The results summarized in Figure 9 have been obtained using multiple cell types (carcinoma, fibrosarcoma, erythroid and lymphoid) and thus appear to be generally applicable. However, while a high level of specificity among TM4SF proteins is indicated, we caution against over-extrapolating these results. Indeed, we have discovered a degree of cell-type-specific variability in the amount of PI 4-kinase associated with TM4SF proteins. We postulate that the level of PI 4-kinase activity associating with a particular TM4SF protein could be influenced strongly by the presence of other TM4SF proteins that may compete for association, by the amount of PI 4-kinase protein available in the cell or by unknown factors that could regulate PI 4-kinase activity.
Figure 9 PI 4-kinase association correlates with TM4SF protein sequence similarities
Similarity values among TM4SF protein sequences were obtained using the OLD DISTANCES program in the GCG sequence analysis package. These values were then used to generate a TM4SF sequence dendrogram. ND, not done.
Is there a common site within TM4SF proteins that specifies PI 4-kinase association ? Thus far we have failed in several attempts to obtain conclusive results using CD9\CD82 chimeras obtained from E. Rubinstein and co-workers [43] . At present, we suspect that PI 4-kinase association may require multiple interdependent TM4SF sites. Association of the epidermal growth factor receptor with PI 4-kinase has been mapped to an epidermal growth factor receptor region containing the amino acid sequence YLRRRHIVRKRTLRRLLQERELVE [44] . However, this sequence is not similar to conserved sequences found within CD9, CD63, CD81, CD151 and A15\TALLA1, suggesting that epidermal growth factor receptor association might occur by a distinct mechanism.
PI 4-kinase specificity
Given the tendency of TM4SF proteins to form so many associations, the issue of PI 4-kinase specificity is also critical. Utilizing conditions designed to allow detection of other PtdIns kinases (e.g. PI 3-kinase or PI-4-P 5-kinase), we failed to observe any other PtdIns activity associated with five different TM4SF proteins, analysed in four different cellular environments (including lymphoid, carcinoma and rhabdomyosarcoma cell types). The PI 4-kinase activity associated with each TM4SF immunoprecipitate was stimulated by Triton X-100, inhibited by adenosine, and inhibited by mAb 4C5G. Also, in the absence of any suitable antibodies, we utilized SDS\PAGE gel-slice analysis to show that the PI 4-kinase associated with both CD9 and CD63 was approx. 55 kDa in size. Together these properties are entirely consistent with TM4SF proteins associating with the 55 kDa type II PI 4-kinase that has been previously characterized [19] but not yet cloned. Other known PI 4-kinases are PI 4-kinase α and PI 4-kinase β. Neither of these enzymes is 55 kDa, and neither is prominent at the plasma membrane [19, 38] . Also, both may be inhibited by wortmannin, whereas 55 kDa type II PI 4-kinase is not inhibited by wortmannin.
Elsewhere, PKCµ was found to associate with a PI 4-kinase, with properties consistent with the uncloned 55 kDa type II enzyme. At the same time, PKCµ also associated with a PI-4-P 5-kinase [40] . However, under conditions in which TM4SF-PI 4-kinase association and TM4SF-integrin association were maintained, we did not observe any associated PKCµ. Also, as mentioned above, TM4SF proteins associated with PI 4-kinase in the absence of any obvious PI-4-P 5-kinase activity. Thus PKCµ must associate with PI 4-kinase and PI-4-P 5-kinase in a complex distinct from those involving TM4SF proteins.
How distinct are TM4SF-PI 4-kinase complexes ?
Throughout these studies, a major concern has been that nonspecific TM4SF protein associations with each other, and with other proteins, might lead to non-specific association with PI 4-kinase. Indeed, it would be especially problematic if TM4SF proteins and PI 4-kinase were present in large, poorly solubilized, lipid raft-type vesicles. However, the high level of TM4SF-PI 4-kinase complexes present in solubilized, non-raft dense fractions of a sucrose gradient helps to alleviate some of this concern. In addition, the highly distinct properties of the various TM4SF proteins ( Figure 9 ) further establish that PI 4-kinase association is highly specific. Finally, we immunodepleted nearly all CD63-associated PI 4-kinase activity, without altering CD9-or CD81-associated PI 4-kinase activity, and we readily isolated cell-surface CD9-PI 4-kinase complexes separate from intra-cellular CD63-PI 4-kinase complexes. These results further indicate that the high levels of PI 4-kinase activity associated with CD63 do not carry over into other TM4SF complexes, and also they argue strongly against post-lysis exchange of PI 4-kinase among detergent protein micelles.
Further evidence for distinct TM4SF-PI 4-kinase complexes is that CD9-PI 4-kinase association was elevated in a cell (HT1080-CD9) where CD81-and CD151-associated activity was low, and A15\TALLA1 was absent. Conversely, CD81 activity in OCILy8 cells was elevated relative to CD9 activity, while CD151 was absent ; and A15\TALLA1 activity was elevated in Molt-4 cells, where CD81 activity was low and CD151 was absent. Finally, we previously demonstrated that α3β1 integrin-associated PI 4-kinase activity was almost entirely due to association with CD151, and not CD81 or CD63 [17] . All of these results strongly suggest that each type of TM4SF-PI 4-kinase complex can be formed independent of other TM4SF proteins.
Nearly all TM4SF proteins yet analysed associate with integrins, with the α3β1 and α6β1 integrins showing perhaps the strongest association [18, 45] . Notably, the K562, OCI-Ly8 and Molt-4 cells analysed here do not express α3 or α6 integrins, yet still show substantial TM4SF-PI 4-kinase association. Whereas the TM4SF protein site for PI 4-kinase association should be on the intracellular side of the molecule, the TM4SF protein site for integrin interactions is in the extracellular large loop [46] . Together these results indicate that TM4SF-PI 4-kinase association is independent of integrins. Interestingly, another molecule (CD98) that associates with integrins [47] consistently showed minimal associated PI 4-kinase activity, despite being very highly expressed in the plasma membrane of the cell lines studied here.
Functional Implications
The TM4SF proteins CD9 [48] [49] [50] , CD63 [51] , CD81 [52, 53] and CD151 [17, 53] may all contribute to the regulation of cell migration. We hypothesize that these molecules may recruit PI 4-kinase to key sites, where it could then influence cell migration due to effects on phosphoinositide signalling, and cytoskeletal protein interactions. Studies elsewhere have shown that CD9 is present mostly at the cell surface, as seen for example on endothelial cells [12] , oocytes [54, 55] , kidney epithelial cells [56] and trophoblasts [57] . Consistent with this, our CD9-PI 4-kinase complexes were found largely at the cell surface, and thus CD9 may play a role in PI 4-kinase recruitment to that site. In contrast, CD63-PI 4-kinase complexes were largely intracellular, suggesting that CD63 could retain PI 4-kinase within intracellular compartments. In this regard, CD63 is diminished at the cell surface, and instead is present in various intracellular compartments such as B-cell MHC class II-enriched vesicles [10] , lysosomes [58] , platelet-dense granules [59] and endothelial cell Weibel-Palade bodies [60] . It remains to be determined whether TM4SF proteins may be associated with or responsible for PI 4-kinase activity being present in chromaffin granules [61] , synaptosomal vesicles [62] , coated vesicles [63] and glucose transporter 4 vesicles [64] .
In conclusion, we have found that a 55 kDa type II PI 4-kinase, but not other PtdIns kinases, specifically associates with select members of the TM4SF family in multiple cell types. Two new strongly associating TM4SF proteins have been identified (CD9 and A15\TALLA1), as well as at least two non-associating TM4SF proteins (e.g. CD53 and CD82). Furthermore, largely non-overlapping complexes were observed at the plasma membrane (CD9-PI 4-kinase), and within intracellular compartments (CD63-PI 4-kinase). Together these results indicate that although TM4SF proteins have a reputation for associating with each other and with many other proteins, complexes formed with PI 4-kinase are highly specific. Thus a subset of TM4SF proteins has the potential to exert a strong influence on phosphoinositide signalling by determining the localized production of PtdIns4P. PtdIns4P may then be available for further processing to the multipotent phosphoinositides PtdIns(4,5)P # , PtdIns(3,4)P # and PtdIns(3,4,5)P $ that regulate a host of cellular signalling and cytoskeletal processes.
